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ABSTRACT
The rapidly rotating cool dwarfs of the Pleiades are rich in lithium relative to their
slowly rotating counterparts. Motivated by observations of inflated radii in young, ac-
tive stars, and by calculations showing that radius inflation inhibits pre-main sequence
(pre-MS) Li destruction, we test whether this pattern could arise from a connection
between stellar rotation rate and radius inflation on the pre-MS. We demonstrate that
pre-MS radius inflation can efficiently suppress lithium destruction by rotationally in-
duced mixing in evolutionary models, and that the net effect of inflation and rotational
mixing is a pattern where rotation correlates with lithium abundance for M∗ < M⊙,
and anti-correlates with lithium abundance for M∗ > M⊙, similar to the empirical
trend in the Pleiades. Next, we adopt different prescriptions for the dependence of
inflation on rotation, and compare their predictions to the Pleiades lithium/rotation
pattern. We find that if a connection between rotation and radius inflation exists, then
the important qualitative features of this pattern naturally and generically emerge in
our models. This is the first consistent physical model to date that explains the Li–
rotation correlation in the Pleiades. We discuss plausible mechanisms for inducing this
correlation and suggest an observational test using granulation.
1 INTRODUCTION
The classic Vogt–Russell theorem states that the mass and
composition of a star uniquely determines its structure in
hydrostatic equilibrium. Although this paradigm has proven
to be a strong overall guide during the main sequence (MS),
the implicit assumptions in the Vogt–Russell theorem break
down in the pre-MS, where substantial star-to-star vari-
ations in luminosity are ubiquitous at fixed Teff in star-
forming regions (e.g. Hillenbrand 1997). This behaviour has
traditionally been interpreted as the signature of an intr-
acluster age spread, but an alternative explanation is that
stars at fixed mass and age can have non-uniform stellar pa-
rameters (i.e. radius) induced by processes neglected in tra-
ditional models, such as rotation, mass accretion, and mag-
netic fields. Much attention has been paid to understanding
these processes, as a complete picture of pre-MS evolution is
crucial for inferring the ages of young star-forming regions,
measuring the low end of the stellar initial mass function,
and constraining the distribution of circumstellar disc life-
times, which in turn have important implications for both
the angular momentum evolution of stars and the formation
of planets.
The light element 7Li is a sensitive diagnostic of pre-
MS structure. Lithium burns through the 7Li(p, α)α reac-
tion at a temperature TLi ∼ 2.5 × 10
6 K, and is therefore
directly destroyed in stellar envelopes when the temperature
at the base of the surface convection zone (TBCZ) is high.
During the period of deep convection on the pre-MS, TBCZ
surpasses TLi for FGK stars, inducing Li depletion in the
envelope (Iben 1965). This ‘standard model’ depletion ter-
minates during the approach to the zero-age MS (ZAMS),
when the convection zone retreats and again becomes cool.
Because the rate of Li burning scales as T 20 near the de-
struction temperature (Bildsten et al. 1997), the magnitude
of standard model depletion is extremely sensitive to TBCZ.
In standard stellar models (SSMs), only mass and composi-
tion influence this temperature, so equal mass stars within
clusters are expected to reach the ZAMS with equal surface
Li abundances, and remain nearly fixed in A(Li)1 until the
MS turn-off.
By contrast, Li abundance spreads have been ob-
served in many stellar populations, such as the late
G and K dwarfs on the pre-MS and ZAMS (e.g.
Somers & Pinsonneault 2014, SP14 hereafter, and references
therein), the mid-F dwarfs of 0.1–0.5 Gyr old clusters (e.g.
Boesgaard & Tripicco 1986; Balachandran 1995), and solar
analogues of old clusters and the field (Sestito & Randich
2005 and references therein; Israelian et al. 2009). Various
non-standard processes have been put forward to explain
the development of these dispersions, but they are generally
unable to simultaneously explain all three above classes. For
example, rotational mixing can induce depletion and disper-
sion on the MS, but cannot replicate the pattern in young
stars (see below). Explaining this multifaceted Li depletion
pattern presents a serious challenge for stellar evolution the-
1 A(Li) = 12 + log10(n(Li)/n(H))
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Figure 1. The Li abundance pattern of the Pleiades (see §2.3).
The sizes of point represent stellar rotation periods, as indicated
by the key, and clearly illustrate the enhanced Li abundance of
rapid rotators redward of 5500K. The black line represents a stan-
dard stellar model prediction for the Li pattern of this cluster,
taken from SP14, and the dotted black line shows the initial Li
abundance of these models.
ory, but its resolution must reveal interesting physics not
included in the standard model.
In this work, we investigate a potential cause of
the Li dispersion developing on the pre-MS. This dis-
persion has been identified in several young clusters,
such as Blanco 1 and α Per (Jeffries & James 1999;
Balachandran, Mallik & Lambert 2011), but we focus solely
on the most notable example, the Pleiades. The Pleiades
is a nearby open cluster (d ∼ 133 pc; An et al. 2007),
just beyond the K dwarf ZAMS (t ∼ 125 Myr old;
Stauffer, Schultz & Kirkpatrick 1998), and with a near-solar
iron abundance ([Fe/H] ∼ 0.03 ± 0.02; Soderblom et al.
2009). The Pleiades also exhibits a significant, Teff depen-
dent spread in the λ6708 Li I absorption feature, originally
identified by Duncan & Jones (1983) and later confirmed
by Soderblom et al. (1993). This EW dispersion suggests an
abundance spread at fixed Teff of a few tenths of a dex at
6000K, which increases to greater than an order of magni-
tude below 5500K (Fig. 1). This dispersion has remained
unexplained since its discovery, but an intriguing clue has
motivated several attempts at resolution: the most Li rich
stars at fixed Teff tend to be the most rapidly rotating in
the K dwarf regime (Soderblom et al. 1993). This observa-
tion has led several authors to suggest that the dispersion
results from various observational biases related to rapid ro-
tation, such as the enhancement of the λ6708 Li I feature due
to blending from rotational broadening (Margheim et al.
2002), large spot filling factors and chromospheric activ-
ity altering observed equivalent widths (Soderblom et al.
1993), and non-LTE effects (Carlsson et al. 1994). However,
King et al. (2010) have shown that while these effects may
contribute to the total dispersion, some underlying Li spread
is likely present (see the discussion in §6.2 of SP14). It thus
appears that some mechanism related to rotation affects Li
depletion on the pre-MS.
The most widely discussed connection be-
tween rotation and Li is rotational mixing
(e.g. Pinsonneault, Kawaler & Demarque 1990;
Pinsonneault, Deliyannis & Demarque 1992; Zahn
1992; Chaboyer, Demarque & Pinsonneault 1995;
Sestito & Randich 2005; Li et al. 2014). Theory pre-
dicts that chemical materials can be exchanged between
layers in the interiors of rotating stars due to several
hydrodynamic processes, such as Eddington–Sweet cir-
culation (Eddington 1929; Sweet 1950; Zahn 1992) and
secular shear instabilities (e.g. Zahn 1974). Through these
mechanisms, Li-depleted material from the deep interior
can be mixed into the convective envelope, diluting the
surface abundance and decreasing A(Li) below the standard
model predictions. Rotational mixing has been invoked
to explain the progressive destruction of Li observed
in MS open clusters (e.g. Pinsonneault 1997), because
it operates over time-scales analogous to MS lifetimes
(Pinsonneault, Kawaler & Demarque 1990). It also nat-
urally predicts the development of Li dispersions, found
in some (but not all) old clusters (e.g. Sestito & Randich
2005), since depletion rates are determined by the non-
uniform angular momentum (AM) histories of individual
stars (e.g. Irwin & Bouvier 2009). Finally, rotational mixing
decreases in efficiency at late ages due to stellar spin down,
permitting the observed plateauing of Li abundances seen
for old clusters (Sestito & Randich 2005).
While rotational mixing may be responsible for MS de-
pletion, it is unlikely to produce the pattern seen in the
Pleiades K dwarfs. Li depletion through rotational mixing
is most efficient in rapid rotators, opposite to the sense
of the Li–rotation correlation in the Pleiades. This im-
plies that some stronger process related to rotation on the
pre-MS must counteract the depletion of Li through mix-
ing. Several such mechanisms have been suggested in the
literature, such as stronger internal shears in slow rota-
tors due to disparate core–envelope coupling times (Bouvier
2008), enhanced Li depletion in stars with extreme accre-
tion histories (Baraffe & Chabrier 2010), and enhanced in-
ternal shears due to long disc-locking times in slow rotators
(Eggenberger et al. 2012). We note that each of these mech-
anisms induces a Li dispersion by enhancing the depletion
of slow rotators, whereas the empirical calibration of SP14
favoured the suppression of depletion in rapid rotators.
SP14 proposed an explanation for the Pleiades Li
spread: a dispersion in stellar radii at fixed mass and age
during the pre-MS. If the convective envelope of a star were
inflated relative to standard predictions, the temperature at
the base of the convection zone would be reduced. Li destruc-
tion in the envelope is a strong function of this temperature,
so stars of dissimilar radii would undergo different rates of Li
depletion during the pre-MS, and thus arrive at the ZAMS
with unequal Li abundances. This effect is so strong that a
pre-MS radius spread of ∼10 per cent in non-rotating mod-
els produces a greater than order-of-magnitude spread in Li
at the ZAMS (SP14, fig. 14), and if the most inflated stars
were also the most rapidly rotating, the observed Li–rotation
correlation would be naturally produced.
This idea was motivated by the rapidly-growing litera-
ture on discrepancies between the precisely measured radii of
stars and the predictions of modern stellar evolution codes.
Accurate radius measurements (∼1–3 per cent) can be ob-
tained by analysing the light curves of detached eclipsing bi-
naries (e.g. Popper 1997; Torres et al. 2010), and by measur-
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ing the angular diameter of nearby stars with interferometry
(e.g. Boyajian et al. 2012). The average radii of open clus-
ters can also be inferred by statistically modelling projected
radius measurements (R sin i; Jackson, Jeffries & Maxted
2009; Jackson & Jeffries 2014). With each method, discrep-
ancies between predicted and observed radii of ∼10 per cent
have been found. These so-called ‘radius anomalies’ have
been identified, and found to correlate with rotation, in the
pre-MS cluster IC 348 (Cottaar et al. 2014). They have also
been claimed in young MS clusters, including the Pleiades
(Jackson & Jeffries 2014), and the magnitude of the discrep-
ancy has been seen to correlate with chromospheric activity
and rotation rate (Lo´pez-Morales 2007; Clausen et al. 2009;
Stassun et al. 2012; Stassun, Feiden & Torres 2014).
In SP14, we showed that a ∼10 per cent radius disper-
sion on the pre-MS can produce a Li dispersion commen-
surate with the Pleiades pattern. However, the impact of
rotational mixing was not included. Mixing-driven Li de-
struction is strongest in rapid rotators, so this effect could
compete with the inflationary inhibition of Li destruction.
We therefore seek to assess whether a connection between
rotation and radius inflation during the pre-MS represents a
viable class of solutions to the Pleiades Li problem. To ad-
dress this question, we simultaneously calculate the effects
of rotational mixing and radius inflation on Li depletion in
our evolutionary models, and compare the results to the
empirical Pleiades distribution. To model radius inflation,
we apply a modification to the mixing length in our stel-
lar evolution code (§2.1). This approach provides us with
a generic framework within which to explore the impact of
radius on Li destruction. We construct a grid of models with
dimensions of mass, radius inflation, and rotation using this
method (§2.2), and collect a catalog of Pleiades data, for
comparison with our models (§2.3).
With this model grid, we explore the individual and
simultaneous impacts of rotation and radius inflation on
Li abundances (§3), and conclude that large inflation fac-
tors can indeed suppress rotationally-driven Li destruction
in stellar models. Based on this result, we explore whether
a putative connection between the two properties can pro-
duce a pattern which resembles the empirical Pleiades dis-
tribution (§4). Several limiting cases are ruled out, and a
special case where faster rotation leads to greater radius in-
flation is found to compare favourably with the Pleiades.
Thus, we conclude that the important qualitative features
of the Pleiades Li and rotation pattern can be predicted in
stellar models if and only if radius inflation is correlated
with rotation during the pre-MS. Detailed models tied to
the underlying physical mechanism might well differ in their
behavior; we discuss such models in §5.1. Finally, we suggest
an observational test for the presence of a radius dispersion
in the Pleiades and other clusters in §5.2, and summarise
our conclusions in §6.
2 METHODS
The first step in our investigation is to generate a grid of stel-
lar models with dimensions of mass, radius anomaly, and
initial rotation conditions. Once complete, we can explore
the generic behaviour of the models, and determine their
ability to reproduce the Li–rotation correlation seen in the
Pleiades. In this section, we first describe the stellar evolu-
tion code we employ, our basic calibration procedures, and
our treatment of radius inflation. Next, we describe the im-
plementation of rotation in our models. Finally, we assemble
literature data for the Pleiades, as an empirical test of our
models.
2.1 Standard model calibration and radius
inflation
Stellar models were calculated using the Yale Rotating Evo-
lution Code (YREC; see Pinsonneault et al. 1989 for a dis-
cussion of the mechanics of the code). We adopt a present
day solar heavy element abundance of Z/X = 0.02292 from
Grevesse & Sauval (1998), and choose the hydrogen mass
fraction (X) and the mixing length coefficient (αML) that re-
produce the solar luminosity and radius for a 1M⊙ model at
4.568 Gyr. The final solar calibrated values areX = 0.71304,
Z = 0.018035, and α⊙ = 1.88166. Our models use the
2006 OPAL equation of state (Rogers, Swenson & Iglesias
1996; Rogers & Nayfonov 2002), atmospheric initial condi-
tions from Kurucz (1979), high temperature opacities from
the opacity project (Mendoza et al. 2007), low temperature
opacities from Ferguson et al. (2005), the 7Li(p, α)α cross
section of Lamia et al. (2012), and the cross-sections of other
nuclear reactions from Adelberger et al. (2011). We treat
electron screening using the method of Salpeter (1954), and
do not include diffusion, as the timescales of this process
are very long compared to the ages of systems we are con-
cerned with. Our models are initialised with a Li abun-
dance equal to the proto-solar abundance A(Li) = 3.31
(Anders & Grevesse 1989).
We model radius inflation in this paper by reduc-
ing the mixing length parameter αML, as suggested by
Chabrier, Gallardo & Baraffe (2007). While inhibited con-
vection can result directly from the presence of magnetic
fields in the convective envelope of stars, we do not ascribe
a specific underlying cause to the radius inflation considered
in this paper. Due to the adiabatic nature of convective re-
gions, a given fractional increase in the radius will have a
similar effect on the temperature at the base of the envelope
regardless of the underlying cause. We can therefore use an
altered mixing length to explore the generic effects on Li
abundances of any mechanism which increases the radii of
stars. The mixing length is held fixed for each individual
model during its lifetime, and is determined by requiring
a specified inflation percentage at 10 Myr, an age charac-
teristic of pre-MS Li destruction. This formulation embeds
an age dependence of the radius anomaly in our models – in
particular, the anomaly remains nearly fixed as a function of
age, even while stellar rotation rates evolve. This simplifica-
tion may not capture important details of inflation/rotation
connections tied to specific physical mechanisms, which re-
quire more sophisticated modeling to uncover. However, this
framework is appropriate for investigating the general con-
sequences of radius inflation on Li abundances.
Using the solar calibrated mixing length α⊙, we cal-
culated a baseline set of non-rotating models, with masses
varying from 0.7M⊙ to 1.2M⊙ in steps of 0.05M⊙, cor-
responding to the range of Pleiades members considered
in this paper. These models are treated as possessing a
radius anomaly of 0 per cent. We then define the func-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. The mixing length parameters αML required to pro-
duce a radius anomaly δR at 10 Myr, as a function of mass (see
§2.1).
tion δR(M ,αML) as the fractional difference between the so-
lar calibrated radius, R(M,α⊙), and the radius of another
model of equal mass but mixing length αML.
δR(M,αML) =
R(M,αML)−R(M,α⊙)
R(M,α⊙)
. (1)
This value is calculated at 10 Myr as described above,
an age characteristic of the epoch of pre-MS Li depletion in
solar analogues. Next, we determined the αML necessary to
inflate a model of each mass to δR(M ,αML) = 0.02, 0.04,
0.06, 0.08, and 0.10, corresponding to radius anomalies of
2–10 per cent. The required αML for each combination of
mass and radius anomaly considered in this paper is shown
in Fig. 2. A maximum anomaly of 10 per cent was cho-
sen to coincide with the claimed radius anomalies in the
Pleiades (Jackson & Jeffries 2014) and the upper envelope
of anomalies observed in detached eclipsing binary systems
and interferometric targets (see §1).
We note that pre-MS Li depletion in stellar models is
highly sensitive to the input physics. SP14 showed that
adopting different published physical inputs, such as the
equation of state or the 7Li(p, α)α reaction cross-section,
can produce significant changes in the expected pre-MS de-
pletion of stars 0.9M⊙ and below. However, Li depletion on
the MS is insensitive to physical inputs, so MS depletion pre-
dictions are robust once pre-MS depletion is correctly pre-
dicted. To address this issue, SP14 performed an empirical
calibration of their models using the warm (Teff > 5500K)
stars in the Pleiades (see SP14 §3–4 for details), and derived
systematic corrections to the ZAMS Li abundance as a func-
tion of Teff . The corrections range from ∼0.2 dex in A(Li)
at 6000K to ∼1 dex at 5000K. In this work, we apply these
‘empirically calibrated’ pre-MS Li depletion corrections to
our models.
2.2 Rotation and angular momentum evolution
To initialise rotation, we first evolve non-rotating models
down the Hayashi track to the deuterium birth line, defined
as the age at which 1 per cent of the initial D abundance
has been destroyed (∼ 0.1 Myr for the Sun). At this age, the
launch conditions are applied. We assign an initial rotation
period Pi, and assume this period to be fixed for a specified
time τD, though magnetic interactions with a circumstellar
disc (e.g. Koenigl 1991). Longer disc-locking times lead to
slower subsequent rotation rates, as the stars are prevented
from spinning up until a later epoch. Thereafter the rotation
rate evolves under the influence of AM loss at the surface
through magnetised winds. To model the loss of angular mo-
mentum, we adopt a modification of the wind law of Kawaler
(1988), first proposed by Krishnamurthi et al. (1997). In this
formulation, the loss rate scales with the cube of the angu-
lar velocity, up to a critical ‘saturation’ velocity ωcrit, when
the loss law becomes linear with ω. The saturation threshold
ωcrit is scaled by the Rossby number (rotation frequency ω
times the convective overturn time-scale τCZ) of each model,
which is normalised on the Sun (ω⊙τCZ,⊙ ∼ 2.2). The for-
mula is given by Eq. 2,
dJ
dt
=


FK
(
R
R⊙
) 1
2
(
M
M⊙
)− 1
2
ω
(
ωcrit
ω⊙
)2
, ωcrit < ω
τCZ
τCZ,⊙
FK
(
R
R⊙
) 1
2
(
M
M⊙
)− 1
2
ω
(
ωτCZ
ω⊙τCZ,⊙
)2
, ωcrit ≥ ω
τCZ
τCZ,⊙
(2)
FK represents the normalisation of the magnetic field
strength, which is typically calibrated to reproduce obser-
vational data. Convection zones are assumed to rotate as a
solid body, whereas radiative zones conserved angular mo-
mentum locally. The redistribution of angular momentum
and chemical species throughout the radiative zones of star
occurs purely through hydrodynamic instabilities in these
models (e.g. Endal & Sofia 1978), and are calculated by solv-
ing the coupled differential equations,
ρr2
I
M
dω
dt
= fω
d
dr
(
ρr2
I
M
D
dω
dr
)
, (3)
ρr2
dXi
dt
= fcfω
d
dr
(
ρr2D
dXi
dr
)
. (4)
Here, I/M is the moment of inertia per unit mass, D
is the characteristic diffusion coefficient of the angular mo-
mentum redistribution processes (Pinsonneault et al. 1989,
1991; Chaboyer, Demarque & Pinsonneault 1995), fω is a
scaling factor that sets the efficiency of this transport (fω
= 1 in our models), and fc is a scaling factor that sets the
efficiency of transport of chemical species Xi relative to fω
(Chaboyer & Zahn 1992).
Our rotation and mixing formulation leaves us with
three free parameters: FK , ωcrit,⊙, and fc. To cali-
brate the two rotation parameters, FK and ωcrit,⊙, we
adopt the standard technique of fitting the median and
rapid rotating envelopes of empirical distributions (e.g.
van Saders & Pinsonneault 2013). As Li depletion begins as
early as a few Myr for higher mass stars, it is necessary to
initialise our models near the birth-line. However, clusters
around this age are unreliable rotation distributions bench-
marks as many of their members retain their primordial cir-
cumstellar discs, which can exchange angular momentum
with their host stars in complicated ways. Instead we select
c© 0000 RAS, MNRAS 000, 000–000
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an older cluster, whose circumstellar discs have dissipated,
and solve for the range of initial conditions necessary to
evolve towards its rotation distribution.
For this purpose, we choose the 13 Myr old cluster h Per
(Moraux et al. 2013). This cluster provides a useful bench-
mark for generating initial conditions as it lies on the pre-
MS, and is old enough that gaseous accretion discs are no
longer common. We fix the initial rotation period Pi = 8
days for all models, and find that τD = 3 Myr accurately
reproduces the median rotation period in h Per, and that τD
= 0.1 Myr accurately reproduces the 90th percentile of rapid
rotators, regardless of mass. While an equal initial rotation
period for all models may appear to be a crude approxima-
tion for an initial rotation distribution, there exist strong
degeneracies in the choice of Pi and τD; in the absense of
radius inflation, a fast spinning star with a long disk-locking
time will be indistinguishable in both rotation and Li from a
slowly spinning star with a short disk-locking time, once de-
coupled from their disks (e.g. Denissenkov et al. 2010). Even
if differential radius anomalies (from 0-10 per cent) correlate
with rotation before the age of h Per, we estimate that the
resulting Li abundance dispersion will be ∼0.2 dex at 13
Myr in the most extreme case, and geneally much less. This
dispersion is comparable to systemtics in the abundance de-
termination, and far smaller than the Li dispersion our mod-
els seek to explain (§4). We choose τD = 6 Myr as the upper
limit for disc-locking times, in accordance with the observed
upper limit of disc survival lifetimes (Haisch, Lada & Lada
2001; Fedele et al. 2010).
With our launch conditions set, we calibrated FK
and ωcrit,⊙ on the 550 Myr old open cluster M37. We
obtained the M37 rotation catalog from Hartman et al.
(2009), and determined both the median rotation rate of
the full sample, and the median rotation rate of the most
rapidly rotating 20 per cent, as a function of Teff . We
then evolved stellar models using median and rapid launch
conditions (τD = 3 and 0.1 Myr, respectively), with a
variety of values for FK and ωcrit,⊙, to the age of the
M37. The combination of parameters that best fit the clus-
ter rotation pattern are FK = 3.3 and ωcrit,⊙ = 9.5ω⊙.
These parameters are broadly consistent with values ob-
tained by other authors (e.g. Krishnamurthi et al. 1997).
With the rotation parameters set, fc was determined by
requiring a median rotating solar mass model to match
the median, metallicity-unbiased Li measurements of the
Hyades from SP14, a cluster of similar age to M37. With
this method, we obtain fc = 0.05. This value is consis-
tent with typical results for rotational mixing calculations
in the literature (e.g. Pinsonneault, Kawaler & Demarque
1990) and with anisotropic turbulence expected from the-
ory (Chaboyer & Zahn 1992).
With the necessary values of αML in hand, and the an-
gular momentum and chemical transport calibrated, we cal-
culated a grid of Pi = 8 day, solar metallicity models, with
dimensions of mass (0.7–1.2M⊙), δR (0.0–0.1), and τD (0.1–6
Myr).
2.3 Pleiades data
To construct a comparison data set of Teff , A(Li), and Prot
for the Pleiades, we draw Teffs and A(Li)s from SP14, and
cross-correlate this sample with the Pleiades rotation cat-
alog of Hartman et al. (2010). The resulting data can be
seen in Fig. 1. We note that the Pleiades K dwarfs are
known to show colour abnormalities possibly related to sur-
face magnetic activity, radius inflation, and star spots (Jones
1972; van Leeuwen, Alphenaar & Meys 1987; Stauffer et al.
2003). These effects may also impact the measurement of the
λ6707.8 Li I equivalent width, and thus the inferred abun-
dance. However, these effects have little impact on the forth-
coming results, as we seek to understand only the generic
features of the empirical pattern, which appear secure (see
§1), and not the detailed temperatures or abundances of the
individual stars.
3 THE IMPACT OF ROTATION AND
INFLATION
Before performing a direct comparison between the mod-
els described in §2 and the empirical Pleiades pattern, we
explore the generic impact of inflation and rotation on the
destruction of Li during the pre-MS in the models. We begin
by reviewing the individual consequences of these two effects
on stellar Li abundances in §3.1–3.2. Rapid rotation is shown
to enhance the rate of Li depletion due to the strong influ-
ence of rotational mixing, and radius anomalies are shown to
inhibit the rate of Li depletion due to a decreased tempera-
ture at the base of the convection zone. Next, we investigate
models with both rotation and inflation in §3.3. The re-
sulting pattern is more complicated: Li depletion can either
increase or decrease compared to a standard benchmark (no
inflation, no rotation) depending on the relative strength of
the two effects. In particular, we find that if a connection be-
tween rotation and inflation is present, Li abundance tends
to correlate with rotation in cool stars. This motivates an ex-
ploration of the observational signature of different plausible
inflation/rotation relationships in the next section. Readers
interested only in the final results may proceed to §4.
3.1 Rotation
In the theory of rotational mixing, meridional circulation
and internal shears transport material between layers, lead-
ing to a gradual dilution of the convective envelope with
Li-depleted material from the deep interior. Stars are born
with a range of initial rotation conditions, so the rate of mix-
ing differs from star to star in young systems, leading to the
emergence of Li dispersions. Both the convective envelope
and the radiative interior spin down over the course of 0.5–
5 Gyr, eventually losing memory of their initial conditions,
and asymptoting to rotation profile that depends on age
but not early rotation rate (e.g. Krishnamurthi et al. 1997).
This process equalises the rate of late-time Li depletion be-
tween stars with different AM histories, thus freezing out the
intra-cluster Li dispersion. Throughout stellar lifetimes, the
strength of mixing depends both on the absolute rotation
rate of the star and on the degree of differential rotation
within the star; this makes Li depletion efficient at young
ages and inefficient at old ages, given the progressive spin-
down of stars. This generic picture of MS rotational mixing
has been long established, but we are concerned in this work
with the effect of rotation on the pre-MS, which is often ne-
glected in mixing studies due to its small assumed effect
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. The impact of rotation on Li depletion in non-inflated models. Left: The evolution of the surface rotation period (top) and
the envelope Li abundance (bottom) in 0.9M⊙ non-inflated models. A range of initial disc-locking times produces a range of Li depletion
factors at the age of the Pleiades, which mainly set in between ∼5–20 Myr. Faster rotation leads to greater depletion in these models.
Right: Isochrones of rotation and Li at the age of the Pleiades. A large range of rotation rates persist at this age, given our initial rotation
distribution. A Li dispersion forms at all temperatures in the models, and fans out below the standard prediction (black dashed line). A
black dotted line shows the location of the 0.9M⊙ models represented in the left column.
relative to standard model depletion. We therefore present
an exploration of the impact on rotation on Li during the
pre-MS.
The top left of Fig. 3 shows rotation tracks for several
solar calibrated (δR = 0.0), 0.9M⊙ models with different
disc-locking times. The models remain at constant rotation
period (8 days) until detaching from their discs, when pre-
MS contraction begins to increase their rotation rate. Once
the models fully contract on to the ZAMS (∼ 50 Myr),
they begin to spin down under the influence of magnetic
winds. Shorter disc-locking times lead to faster rotation at
the ZAMS, given an equal initial rotation rate. Thus the ob-
servational result that disc lifetimes differ from star to star
naturally implies a >1 dex range of rotation periods at the
ZAMS. The bottom left panel follows the evolution of Li in
the envelope of each model. Three stages of pre-MS Li evolu-
tion are revealed: 1) no depletion for the first few Myr; 2) an
epoch of depletion from ∼ 3–20 Myr; 3) very little depletion
on the late pre-MS. Thereafter, rotational mixing reduces
A(Li) on the MS. The second pre-MS phase represents the
time when the temperature at the base of the convection
zone surpasses the Li depletion temperature (see §1). The
rate of Li destruction during this phase is a strong func-
tion of rotation, so depletion in rapid rotators is high. This
is because rotational mixing is particularly efficient when
the material directly below the convection zone is highly de-
pleted, as is the case when convection zones are deep. We
have also plotted the Li track of a standard, non-rotating
model (black dashed line) for comparison. This model de-
pletes nearly the same amount of Li during the pre-MS as
the slow rotating models (τD >∼ 1 Myr), suggesting that
very rapid rotation (<∼ 1 day period) is necessary for an
appreciable enhancement to the rate of pre-MS depletion.
The right column of Fig. 3 explores the mass depen-
dence of this behaviour at the age of the Pleiades. In the
top panel, each individual line represents a fixed disc-locking
time, and the points signify mass steps of 0.05M⊙, with the
0.9M⊙ locus indicated by a dotted line. A large range of ro-
tation rates persist at 125 Myr within our mass range. The
rotation dispersion is largest below ∼ 5700K, and decreases
towards larger Teff . We also see that the structural effects
of rapid rotation lead to a reduction of the surface temper-
ature by ∼ 50–150K, independent of spot-induced changes.
This results from the additional pressure support provided
by rotation at the equator, which leads to a lower effective
gravity, and hence a larger equilibrium radius. The bottom
right panel shows Li isochrones at the age of the Pleiades.
Lower mass stars undergo deeper convection during the pre-
MS, and spend more time on the pre-MS, resulting in more
rapid Li destruction over an extended period of time, and
ultimately a lower abundance at 125 Myr. Variable rota-
tion induces a Li dispersion commensurate with the 0.9M⊙
spread at all masses in the considered range, suggesting that
the 0.9M⊙ Li tracks are representative of the behaviour of Li
destruction in all of our models. Thus, our rotating models
predict that at the age of the Pleiades, slow rotators should
cluster near the standard prediction (dashed black line), and
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Figure 4. The impact of inflation factors of 2-10 per cent on Li depletion in non-rotating models. Left: Li tracks of 0.9M⊙ models. A
greater radius anomaly decreases the rate of depletion during the 5–20 Myr age range, imparting a dispersion at 125 Myr. This dispersion
lies above the standard prediction, opposite of the rotationally-induced dispersion (grey dotted lines). Right: Inflated isochrones at the
age of the Pleiades. A large dispersion is present which increases towards lower temperatures. The black line in this figure is identical to
the black dashed line in Fig. 3.
fast rotators should be depleted below the standard predic-
tion by ∼1.5 dex.
These results are necessarily dependent on the de-
tails of the stellar models, notably the treatment of an-
gular momentum transport and loss. While we have as-
sumed that angular momentum is redistributed purely by
hydrodynamics and mechanics (§1), some authors have ar-
gued that empirical rotation trends are better fit by mod-
els which include additional transport processes operating
in the interior (e.g. Bouvier 2008; Denissenkov et al. 2010;
Gallet & Bouvier 2013), which could have implications for
pre-MS Li destruction. A full treatment of this additional
physics is outside the scope of this project, but we note that
since rotational mixing can only destroy Li, and not inhibit
its destruction, the non-rotating case presented in Fig. 3 rep-
resents an approximate upper limit to the abundance at a
given age (it is not an exact upper limit, as the minor struc-
tural effects of rotation described above can cool the base
of the convection zone somewhat; e.g. Eggenberger et al.
2012).
3.2 Inflation
Next, we assess the impact of radius inflation in the ab-
sence of rotational mixing. The left panel of Fig. 4 shows in
colour the Li tracks of non-rotating 0.9M⊙ models with a
variety of mixing lengths, which induce the radius anoma-
lies listed in the key. The three stages of pre-MS depletion
described above persist in inflated models, but the magni-
tude of depletion in the second stage is found to be highly
sensitive to the stellar radius. Inflation reduces the temper-
ature at the base of the convection zone, suppressing the
rate of Li proton capture reactions and leading to a higher
ZAMS abundance. The non-inflated, rotating tracks from
Fig. 3 are shown in dotted grey for comparison. While in-
creasing rotation enhances the destruction of Li, increasing
inflation inhibits the destruction of Li. Both effects induce
a dispersion, but the rotationally-induced spread lies be-
low the standard prediction, and the inflationary spread lies
above the standard prediction. The inflated models show no
signs of additional depletion once on the MS, due to the lack
of rotational mixing.
The right panel shows inflated isochrones at the age of
the Pleiades, with the 0.9M⊙ locus denoted by the black
dotted line. Li dispersions emerge generically at all masses,
as with rotation, but the magnitude of the dispersion im-
parted by inflation is a stronger function of temperature:
the dispersion increases from ∼ 0.92 dex at 6000K to ∼ 1.30
dex at 5000K due to rotation, while increasing from ∼ 0.26
dex to 1.40 dex at the same temperatures due to inflation.
Importantly, the dispersion at fixed Teff is larger than the
dispersion at fixed mass; radius inflation substantially re-
duces the Teff of stars, so the Teff of inflated, higher mass,
Li-rich stars can be equal to that of non-inflated, lower mass,
Li-poor stars. Ultimately, we see that a spread in radii of 10
per cent during the pre-MS can produce a Li dispersion that
is small at temperatures typical of early G stars (∼ 6000K),
and increases to nearly two orders of magnitude at temper-
atures typical of mid K dwarfs (∼ 4500K). These results are
qualitatively similar to the findings of SP14, who examined
isochrones of constant mixing length instead of constant ra-
dius anomaly.
To summarise §3.1–3.2, increased rotation and in-
creased inflation have the opposite effect for Li depletion:
faster rotation leads to lower Li abundances, while higher
inflation leads to greater Li abundances. Both effects can
induce dispersions if they vary from star to star, but in-
flationary dispersions lie above standard predictions, and
rotational dispersions lie below standard predictions. How-
ever, both effects serve to reduce stellar Teffs below standard
stellar model predictions, due to the increasing radius driven
by rotational pressure support and reduced convective effi-
ciency.
3.3 Rotation and inflation
We now present models which include both rotation and in-
flation. In this section, we permit any combination of these
two parameters, for the purposes of exploring their combined
impact on Li. Fig. 5 compares the tracks of rotating models
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125 Myr. It is clear that both inflation and rotation can strongly influence Li depletion.
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Figure 6. Pleiades-age isochrones for models with both inflation and rotation. Left: Slow rotating models with a variety of inflation
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equal mass. Below 5500K, these models succeed at producing the inverted Li–rotation pattern, as seen in the Pleiades.
with a 10 per cent radius anomaly (dashed black; slowly ro-
tating in the left panel, rapidly rotating in the right) to three
models from §3.1–3.2: a non-inflated, non-rotating model
(solid grey), a model with a 10 per cent radius anomaly
and no rotation (dashed grey), and a rapidly rotating model
with no inflation (solid black; slowly rotating in left, rapidly
rotating in right).
In the left panel, the inflated slow rotator track (dashed
black) is nearly identical to the inflated non-rotator track
(dashed grey), suggesting that the inflationary suppres-
sion of Li destruction dominates when rotation is mild.
By contrast, the right panel shows that rapid rotation in-
duces significant extra depletion relative to the non-rotating
case in the presence of inflation. The non-rotating, inflated
model (dashed grey) is significantly more abundant than
the rapidly rotating, inflated model (dashed black), which
in turn is far more abundant than the rapidly rotating, non-
inflated model (solid black). Interestingly, the final abun-
dance of the rapidly rotating, inflated model (dashed black
in right panel) is close to that of the slowly rotating, non-
inflated model (solid black in the left panel). This demon-
strates that the counteracting effects of rotational mixing
and inflation can almost entirely cancel each other out with
regard to Li destruction, allowing a rapidly rotating inflated
star to possess the same Li abundance as a slowly rotating
non-inflated star at the age of the Pleiades.
To explore the mass dependence of this behaviour, we
present isochrones of slow and rapid rotation at 125 Myr in
the left and central panels of Fig. 6. Pleiades data are also
plotted as circles, and the dashed line signifies the locus
of 0.9M⊙ models. The slow rotating models make similar
predictions to the inflated, non-rotating models presented
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in Fig. 4, again demonstrating that the structural and hy-
drodynamic effects of rotation are minimal at low angular
velocity. The abundance spread resulting from a 10 per cent
radius anomaly matches the Pleiades dispersion well, as did
our non-rotating models in SP14. Compared to these mod-
els, the rapid rotating isochrones in the central panel are
significantly depleted. The 0 per cent anomaly isochrone is
so heavily depleted by rotational mixing that it lies far below
the data. However, the inflation of the 10 per cent anomaly
isochrone suppresses rotational mixing enough to approx-
imately trace the locus of rapid rotators below ∼ 5000K.
This correspondence is driven in part by the suppression
of Li depletion, and in part by the substantial reduction in
the surface temperature of our models, demonstrated by the
dotted line (0.9M⊙ locus).
Finally, the right panel of Fig. 6 reproduces the slow
rotating, non-inflated isochrone from the left panel in pur-
ple, and the rapidly rotating, inflated isochrone from the
central panel in peach. The result is intriguing: below ∼
5700K, the rapid rotators appear more abundant in Li than
the slow rotators. This is the opposite sense from the pure
rotation case, where faster rotation always leads to greater
Li depletion, but the same sense as the pattern observed in
the Pleiades. Furthermore, the dispersion is small around
5500K, but increases substantially towards lower tempera-
tures until reaching nearly 2 dex at 4500K, also reminiscent
of the empirical Pleiades pattern. This behaviour suggests
that a radius inflation which increases with rotation may be
able to both produce the correct sense of the Li–rotation
correlation seen in the Pleiades, and accurately predict the
width of the dispersion as a function of temperature. In or-
der to assess this possibility, we consider in the following
section the observational patterns resulting from different
functional dependencies of inflation on rotation.
4 SLEUTHING THE ROTATION–INFLATION
CONNECTION
In §3.3, we argued that certain qualitative features of the
Pleiades Li pattern are predicted if rapidly rotating stars are
inflated relative to their slow rotating counterparts. In this
section, we expand upon this idea by generating synthetic
cluster distributions with a variety of inflation/rotation pre-
scriptions, initialised to reproduce the Pleiades rotation dis-
tribution, and comparing them directly to the data.
To construct these synthetic distributions, we first
adopt a rule that explicitly links the degree of inflation
to the rotation period at a benchmark age of 10 Myr [δR
= δR(Prot)]. Using this rule, we collapse our 3-dimensional
model grid (mass, τD, inflation) into two dimensions (mass,
τD) by interpolating between models of fixedM and τD, but
variable δR, to the location in parameter space where the in-
flation rule δR = δR(Prot) is satisfied. The result is a specific
mapping between each choice of M and τD (corresponding
to a specific Prot at 10 Myr), and the relevant observables,
Teff , A(Li), and Prot, at 125 Myr.
Next, we derive initial conditions by backwards model-
ing the empirical Pleiades pattern. For each Pleiad shown
in Fig. 1, we determine the M and τD which maps onto the
current day Teff and Prot, given a specific inflation law, and
adopt the results as our starting model distribution. We then
calculate the Li abundance at 125 Myr for the derived M
and τD of each Pleiad, given the above rotation/inflation re-
lationship. This method is advantageous: since the synthetic
cluster matches the temperature and rotation distribution of
the present day Pleiades by construction, a comparison be-
tween the Li/rotation pattern of the synthetic cluster and
the empirical pattern is unbiased by the sampling of the ini-
tial conditions. Finally, we randomly generate Teff and A(Li)
errors from Gaussians with σ = 100K and 0.1 dex, respec-
tively, and apply them to the models to simulate noise.
Using this methodology, we generate two limiting cases
which represent distinct classes of physical models: no ra-
dius anomaly in any stars, regardless of rotation (I); con-
stant radius anomaly of 10 per cent in all stars, regard-
less of rotation (II). We further test a third limiting case,
with radius anomalies in the range 0–10 per cent, uncorre-
lated with rotation (III). The methodology of Case III dif-
fers somewhat from Cases I and II, since no direct mapping
exists between rotation and inflation in the uncorrelated sce-
nario (see §4.3). With the synthetic distributions in hand, we
search for three features of the empirical Pleiades pattern:
the median abundance as a function of Teff , the width of the
Li distribution as a function of Teff , and a positive correla-
tion between Li abundance and rotation rate. In each case,
the resulting distribution is found to be at odds with the
empirical Pleiades pattern. Finally, we demonstrate that a
power law relationship between Prot and δR above a critical
rotation period produces a qualitatively accurate synthetic
distribution, and show that the agreement is insensitive to
the details of the assumed mapping. We caution that the
mass dependence, the normalisation, and indeed even the
existence, of the correlation between rotation and inflation
are at present unresolved (see §5.1). We therefore present
this section as an exploratory exercise, and do not attempt
a rigorous quantitative analysis.
4.1 Case I: no inflation
The first limiting case assumes that no inflationary process
operates on the pre-MS, and all stars can be described with
a solar calibrated mixing length – hence δR(Prot) ≡ 0.0. This
represents the fiducial prediction of stellar evolution theory.
The top left panel of Fig. 7 contains the Case I ‘map’,
which shows the values of A(Li), Teff , and Prot resulting from
each M and τD grid point at the age of the Pleiades. In this
plot, lines connect models of equal mass but different disc-
locking time. The size of the points denote the rotation rate,
and the black dashed lines mark the approximate envelope
of Pleiades data (see upper right panel). Line colours alter-
nate to ease the distinguishing of mass tracks. Just as in
the pure rotation models of §3.1, the stars with the shortest
disc-locking times attain the most rapid rotation, and show
the greatest degrees of Li depletion. The models bracket the
lower envelope of the Pleiades distribution, but do not ap-
proach the upper envelope.
The synthetic distribution for this case, generated as
described above, appears in the bottom left panel of this fig-
ure. As can be seen, the resulting Li pattern is inconsistent
with empirical cluster distribution. The median abundance
falls below the empirical median, the distribution width fails
to increase substantially towards lower Teff , and while the
slowly rotating models approximately correspond to the lo-
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Figure 7. Maps and synthetic distributions for the three limiting cases described in §4.1–4.3. The lines in the maps are equal mass, and
the points represent different disc-locking times, whereas each point in the synthetic distribution represents a forward modeled Pleiad.
The size of each point reflects the rotation rate at 125 Myr, as indicated by the key in the upper right panel. Case I assumes that all
stars, regardless of rotation, have solar calibrated mixing lengths. Case II assumes that all stars possess 10 per cent radius anomalies, as
might be expected from uniform saturation. Case III assumes no correlation between rotation and inflation. Each of these cases fails to
reproduce the observed pattern, shown in the upper right panel and represented by approximate envelopes in each of the figures.
cus of slow rotators in the Pleiades, the rapid rotators are
too strongly depleted in Li to reproduce the observed pat-
tern. As none of the aforementioned empirical features is
reproduced by this limiting case, we strongly rule out the
possibility that the observed Li pattern results purely from
rotationally-induced mixing.
4.2 Case II: uniform inflation
The second limiting case assumes a ‘saturated’ inflation law;
all stars possess the same radius anomaly regardless of rota-
tion rate – hence δR(Prot) ≡ 0.1. This scenario is consistent
with Jackson & Jeffries (2014), who found that the aver-
age K dwarf radius in the Pleiades is ∼10 per cent larger
than expected from isochrones calibrated on old, inactive
stars. Furthermore, uniform δR on the pre-MS is supported
by Preibisch et al. (2005) and Argiroffi et al. (2013), who
found that nearly all stars in the pre-MS associations ONC
and h Per are saturated, and might therefore have the same
radius anomaly if magnetic field proxies correlate directly
with radius inflation.
The upper middle panel of Fig. 7 shows the mapping
for this scenario. The slowest rotating models tend to lie
above and to the right of their counterparts in Case I, as
inflation suppresses Li destruction and reduces the surface
temperature. For the rapidly rotating stars, the decrease in
Teff is far more extreme, causing a strong shift to the right.
The result is a substantial overlap of the mass tracks. This
is not seen in the most massive tracks, since even the fastest
rotators in these bins have spun down substantially by 125
Myr (see Fig. 3). The overall trend is a strong suppression
of Li destruction in all stars, regardless of rotation.
The lower middle panel shows the resulting synthetic
distribution. As in Case I, the models occupy a band at
fixed Teff that is far narrower than the empirical spread.
Unlike Case I, the median abundance trend lies far above
the empirical median, and traces the upper envelope of the
Pleiades distribution. This signifies that a uniform suppres-
sion of depletion is too strong to reproduce the most Li-poor
stars below ∼ 5500K. The location of the rapid rotating
models approximately corresponds with the rapid rotators
in the Pleiades, but they remain more depleted than slowly
rotating models. Once again, the qualitative features of the
Pleiades pattern are not in general reproduced, ruling out
uniform inflation from the epoch of pre-MS Li destruction
to the present. We note however that Case I and Case II
suggestively bracket the observed data range.
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4.3 Case III: uncorrelated inflation
The final limiting case assumes that no direct correlation
exists between rotation and inflation. As stated above, a
direct mapping such as those constructed for Cases I and
II cannot be defined for Case III, as rotation and inflation
are by definition uncorrelated. Instead, we adopt the initial
distribution of M and τD derived from the Pleiades for Case
I, randomly draw an inflation factor between 0–10 per cent
for each individual star, and interpolate in the model grid
to find the 125 Myr distribution. A physical scenario which
may correspond to this limiting case is proto-stellar radius
variations caused by accretion (§5.1).
The resulting synthetic distribution is presented in the
bottom right of Fig. 7. Unlike the previous two cases, the
model dispersion now matches the empirical dispersion rea-
sonably well. In particular, it increases from ∼0.5 dex at
the solar temperature to ∼1–1.5 dex below 5000K, in good
agreement with the Pleiades. The median of the pattern ap-
pears to track the empirical median as well. However, the
rotation distribution does not correspond to the observed
pattern. Since rotation and inflation are uncorrelated, we
see far too many slow rotators at the top of the distribu-
tion, and far too many rapid rotators at the bottom. For
example, cool-ward of 5000K, 21 out of the 32 stars with
rotation periods greater than 2 days have A(Li) > 2 in our
synthetic distribution (65 per cent), compared to only 1 out
of 15 in the empirical distribution. The probability of find-
ing only 1 slow rotator out of 15 when the expectation is
65 per cent is ∼ 5× 10−4, ruling out Case III at high confi-
dence. This suggests that without some correspondence be-
tween rotation and inflation, the Li–rotation correlation in
the Pleiades cannot be produced.
4.4 Case IV: correlated inflation
None of the first three cases resemble the observed pattern,
but they collectively point towards a resolution. As noted,
the locus of slow rotators in the Teff–A(Li) plane is accu-
rately predicted by Case I, the locus of rapid rotators is
accurately predicted by Case II, and the Teff dependence of
the median and width are produced by a range of radius
anomalies from 0–10 per cent, as in Case III. If the Li de-
pletion history of slow rotators was similar to those in the
Case I mapping (i.e. no radius anomaly), and the depletion
history of rapid rotators was similar to those in the Case II
mapping (i.e. ∼10 per cent radius anomaly), the Li–rotation
correlation in the Pleiades would be produced, and the Teff
dependence of the median and dispersion may be preserved.
Following this logic, our last class of models assumes a cor-
relation between rotation rate and inflation factor, such that
rapid rotators are physically larger than slow rotators.
We implement Case IV as follows. The maximum radius
anomaly in our grid (10 per cent) is assigned to the stars that
achieve Prot ∼ 0.5 days at 10 Myr, our fastest rotators. The
radius anomalies of slower rotators are then determined by a
power law, which extends down to a cut-off rotation period,
below which stars are un-inflated. The functional form is
given by Eq. 5.
δR =
{
0.1 ×
(
P β
0%
− P β
)
/
(
P β
0%
− P β
10%
)
, P ≤ P0%
0.0, P > P0%
(5)
Here, P is the model rotation period at 10 Myr, P10%
is the rotation period at which stars attain the maximum
radius anomaly of 10% (set to 0.5 days as described above),
and P0% is the rotation period below which radius inflation is
absent. β represents the power-law exponent of the relation.
Thus, stars rotating slower than P0% at 10 Myr will have no
radius inflation, stars rotating faster than P0% but slower
than P10% at 10 Myr will have an inflation factor between
0 and 10 per cent, and stars spinning at P10% at 10 Myr
will have a 10 per cent radius inflation. An example of the
inflation law is shown in blue in panel A of Fig. 8 (see below
for details).
While this formulation is clearly ad hoc, its features are
motivated by data. Rapidly rotating, magnetically active
stars tend to show the greatest deviations from standard
models (e.g. Lo´pez-Morales 2007), whereas slowly rotating,
inactive stars generally agree with stellar models. This sug-
gests that measurable inflation sets in above a critical rota-
tion rate, as we have modeled. A power law form was mo-
tivated by the power law dependence of chromospheric ac-
tivity on rotation (e.g. Pizzolato et al. 2003), and our max-
imum anomaly was chosen to coincide with the upper en-
velope of claimed anomalies in the literature, as previously
stated.
With this methodology, we first test a linear scaling (β
= 1), with a transition period P0% = 2 days. This version of
Eq. 5 is shown in blue in panel A of Fig. 8, and the corre-
sponding mapping between τD and δR is shown in red. Panel
C shows the map for Case IV. The behaviour of the models
is striking. Unlike Cases I and II, where a shorter τD always
results in a lower abundance, the response of Case IV models
to shorter τDs is mass dependent. Higher mass models (e.g.
1.2M⊙) always cool down and deplete more with greater ro-
tation, whereas lower mass models (e.g. 0.8M⊙) show a more
complicated relation. For long τD greater rotation induces
more depletion, since none of these models are inflated in our
chosen mapping. For intermediate τD greater rotation actu-
ally inhibits depletion, since intermediate rotation (τD ∼ 0.7
Myr) has a smaller effect on Li depletion than intermediate
inflation (δR ∼ 0.05; see Fig. 4). Finally for short τD, mix-
ing again dominates, and the Li abundance decreases with
faster rotation. The overall trend is that shorter disc-locking
times drive the models to the upper right of this figure, and
increase their Pleiades-age rotation rate.
The Case IV synthetic distribution derived from the em-
pirical Pleiades pattern appears in panel D. Unlike the first
three cases, several salient qualitative features of the empir-
ical distribution are reproduced by this mapping. First, the
locus of slow rotators roughly corresponds to the lower en-
velope of the Pleiades distribution, just as in Case I. Second,
the most rapid rotators lie above and to the cool side of this
locus, roughly corresponding to the locus of rapid rotators
in the empirical pattern, as in Case II. This morphology is
due in part to the decreased rate of Li destruction on the
pre-MS, and in part to the reduced Teff of rapidly rotating,
inflated stars. Third, a significant dispersion sets in around
5500K and increases towards cooler temperatures, in excel-
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Figure 8. The results of assuming a linear scaling between rotation and inflation (β = 1, P0% = 2 days in Eq. 5). A: A graphical
representation of the inflation function. The top panel shows the mapping between rotation at 10 Myr and the radius anomaly, and the
bottom shows how this maps on to our distribution of disc-locking times. B: The empirical Pleiades pattern reproduced. C: The map
resulting from this inflation paradigm. The effect of more rapid rotation on Li is mass dependent and non-linear. The general trend is
to push rapidly rotating stars to the upper right portion of this panel, near the empirical upper envelope shown in dashed black. D:
The synthetic distribution resulting from this mapping. This paradigm reproduces the empirical median, the empirical distribution as a
function of Teff , and the observed Li–rotation correlation.
lent agreement with the Pleiades. It can be understood why
this occurs at 5500K from the Case IV map. Rapid rotation
displaces stars horizontally towards cooler temperatures in
the Teff–A(Li) plane; this horizontal path coincides with the
slow rotators above 5500K, but lies above the slow rota-
tors at lower temperatures, since these stars are strongly
depleted. The Teff decrement due to rotation and inflation
is of a similar magnitude for all masses, but the effect on
the observed distribution is more apparent in the sub-solar
regime. One location where the models conspicuously fail is
the coolest rapid rotators; four stars near 4500K are pre-
dicted to have A(Li) > 1.5 by our models, but are actually
more heavily depleted by 0.5-1 dex. This may reflect a defi-
ciency in our modeling of radius anomalies, which does not
account for changes as a function of mass and evolution-
ary state. For instance, the true maximal radius anomaly
could decrease with mass, so that depletion factors among
the fastest spinning K dwarfs are larger than we have pre-
dicted.
Despite the ad hoc nature of our δR(Prot) scaling, this
model succeeds at accurately predicting several puzzling fea-
tures of the observed Pleiades distribution. However, one
could reasonably contend that fine tuning may be required
to achieve this qualitative agreement. To address this con-
cern, we assess the generality of the Case IV agreement by
calculating synthetic cluster distributions resulting from dif-
ferent choices of β and P0% in Eq. 5 (Fig. 9). From left to
right we increase the power law exponent (β), and from top
c© 0000 RAS, MNRAS 000, 000–000
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Figure 9. Synthetic distributions resulting from a variety of choices of β and P0%, along with the individual mappings between rotation
and inflation illustrated in inset panels. The qualitative features of the pattern shown in Fig. 8 are a general feature of power law inflation
models, but the exact distribution is sensitive to the details of the equation and the underlying rotation distribution. The value of P0%
has a stronger effect on the distribution than β, since the fraction of stars in the rapidly rotating locus depends on the absolute number
of highly inflated members.
to bottom we decrease the rotation rate at which inflation
sets in (P0%). The initial conditions were derived for each
individual case using the specified inflation prescription, and
the same run of Teff and A(Li) errors was applied to each.
From this plot, we see that some features of the Case IV
mapping are generic, such as the population of rapid rota-
tors to the upper right of the main locus of slow rotators,
and the onset of dispersion at ∼ 5500K. Other features of the
synthetic pattern vary from mapping to mapping, such as
the number of rapid rotators that lie near the bottom of the
abundance distribution below 5500K (approximately half for
P0% = 1 day, none for P0% = 4 days; the dependence on β
is negligible). Never the less, since the important qualitative
features of the Pleiades pattern are generically reproduced
by each considered version of Eq. 5, we conclude that fine
tuning is not essential for the conclusions of this section.
To summarise §4.4, the three qualitative features of the
empirical pattern described at the beginning of §4 are repro-
duced by a relationship between rapid rotation and inflation,
and these qualitative features are largely insensitive to the
exact choice of mapping function. We conclude that Case
IV strongly outperforms each of the limiting cases, and pro-
duces an observational pattern consistent with the Pleiades.
5 DISCUSSION
We have presented the first consistent physical model that
replicates the qualitative pattern of Li and rotation observed
in the Pleiades. §4.4 delineated the properties of a successful
solution, so we now turn to plausible explanations for the
rotation–inflation correlation that we have inferred. We con-
sider both the inhibition of convection by magnetic fields,
and the impact of mass accretion during the proto-stellar
phase. Next, we discuss a method for detecting radius dis-
persions on the pre-MS and beyond, as a test of our scenario
and as a means to constrain the putative connection between
rotation and inflation.
5.1 The mechanism of inflation
Our paradigm assumes the existence of a mechanism which
reduces the temperature at the base of the convection zone
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across the observed range of rapid rotators on the pre-MS.
This behaviour naturally results from an increase in the stel-
lar radius, so we have developed our models in the context
of radius anomalies correlating with rotation. There is ob-
servational support for this effect from young clusters and
associations (Littlefair et al. 2011; Cottaar et al. 2014), and
from pre-MS eclipsing binaries (Stassun, Mathieu & Valenti
2007; Stassun, Feiden & Torres 2014). In this section, we
discuss two possible mechanisms for inducing a rotation-
radius correlation.
We have modelled radius inflation as a product of
inhibited convective efficiency. This may result as a direct
consequence of rapid rotation, when extreme Coriolis forces
begin to govern the behaviour of convective particles (e.g.
Miesch et al. 2000), but we focus on the suppression of con-
vection produced by rotationally-generated magnetic fields.
Magnetic fields in the envelopes of low mass stars can disrupt
the motions of charged particles when they attempt to cross
field lines. This leads to an increase in the convective energy
flux per unit area in the non-magnetic regions, forcing the
radius to expand in order to match the flux emanating from
the core (Spruit 1982; Andronov & Pinsonneault 2004;
Chabrier, Gallardo & Baraffe 2007; Feiden & Chaboyer
2013, 2014). An important consequence of this effect is the
formation of star spots on the surface, which result from the
inefficient heat flux induced by magnetism. Several authors
have taken this approach, and considered the impact of
spots on the radii of stars (Chabrier, Gallardo & Baraffe
2007; Jackson, Jeffries & Maxted 2009; Jackson & Jeffries
2013, 2014, Somers & Pinsonneault 2015, in prep). Poly-
tropic models show that a filling factor of ∼0.35–0.51 is
sufficient to achieve a K dwarf inflation ∼10 per cent,
consistent with filling factors ∼0.2–0.4 found on active
G and K dwarfs (O’Neal et al. 2004). This behaviour
appears particularly effective in stars with deep convection
zones (Jackson, Jeffries & Maxted 2009), and so may be
effective on the pre-MS. Magnetic fields can also provide
pressure support in stellar interiors, thus working to
counteract the force of gravity similar to rotational support
(Mullan & MacDonald 2001; MacDonald & Mullan 2009,
2012, 2013). Each of these effects serves to puff the radius
up in stellar models, leading to a reduced temperature in
the convection zone.
While these effects would naturally produce the type
of correlation we require, activity studies of pre-MS clus-
ters have found that most young stars of ages ∼ 1–15 Myr
are saturated, meaning that the strength of their magnetic
field proxies (i.e. X-rays) no longer correlate with rotation
rate (Preibisch et al. 2005; Argiroffi et al. 2013). The pre-
dominate interpretation of this result is that magnetic fields
cease to increase in strength beyond the critical Rossby num-
ber at which saturation sets in (RN = Prot/τCZ ∼ 0.1;
Pizzolato et al. 2003). If true, it would appear difficult for
convection to be progressively inhibited by rapid rotation
among pre-MS stars. However, an alternative interpretation
is that magnetic field proxies decouple from the strength of
the surface field at the onset of saturation, so that mag-
netic fields can continue to grow with rotation without im-
pacting proxies. For instance, saturation could represent
a threshold above which chromospheric and coronal heat-
ing cannot increase, but the spot filling factor can (e.g.
O’dell et al. 1995). Alternatively, the spot filling factor could
saturate, but the spot temperature could continue to de-
crease with greater rotation. Several studies have attempted
to measure directly the magnetic field strengths of saturated
stars and have found mixed results (e.g. Saar 1996, 2001;
Reiners, Basri & Browning 2009), but their efforts are ham-
pered by the extreme difficulty of inferring Zeeman broaden-
ing from stars whose lines are already highly broadened by
rotation (Reiners 2012). Due to these observational issues,
the continued inhibition of convection with greater rotation
in the saturated regime remains unresolved at present, but
further work in this area will ultimately favour or disfavour
this mechanism as a viable avenue.
Mass accretion may also play an important role in
determining pre-MS radii. Proto-stars accrete the major-
ity of their mass during the first ∼ 105 yr, when the ini-
tial core of M ∼ 10−3M⊙ gains material from the sur-
rounding over-density in its natal molecular cloud. Accre-
tion likely progresses at a modest level (10−8–10−7 M⊙
yr−1), interspersed with short bursts of vigorous accre-
tion (10−6–10−4 M⊙ yr
−1) until the final mass is as-
sembled (see Baraffe, Vorobyov & Chabrier 2012). A ma-
jor unknown factor in this picture is the amount of
thermal energy deposited during these intense accretion
bursts. ‘Cold accretion’ scenarios assert that all of the
accreted thermal energy is radiated away at the photo-
sphere, so only mass (and not entropy) is added to the
proto-star (Hartmann, Cassen & Kenyon 1997, and refer-
ences therein). This additional mass leads to a contrac-
tion of the radius. Alternatively, ‘hot accretion’ scenarios
suggest that a substantial fraction of the thermal energy
of the accreted material is absorbed into the stellar enve-
lope. This type of accretion can increase stellar radii (e.g.
Palla & Stahler 1992).
In either case, a dispersion in radii will arise from
differing accretion histories, and may persist throughout
the pre-MS due to the lengthy thermal readjustment times.
This leads to a range of Li depletion efficiencies during
the epoch of standard burning (Baraffe & Chabrier 2010).
If hot accretion is accompanied by substantial angular
momentum deposition, or if the rotation period of cold
accretors remains fixed during radius contraction due to
magnetic interactions with circumstellar material, then
the necessary rotation correlation will be likewise present.
This scenario makes two interesting predictions. One, that
the rotational history of stars is intrinsically linked to
their accretion history. Two, that radius inflation is only a
transient event on the pre-MS, and therefore will be gone
by the age of the Pleiades, leaving behind a Li dispersion
as a fossil record of early time inflation. The debate in
the literature about hot versus cold accretion scenar-
ios remains unsettled (Baraffe, Chabrier & Gallardo
2009; Hosokawa, Offner & Krumholz 2011;
Baraffe, Vorobyov & Chabrier 2012), so further work
remains to determine precisely how accretion impacts
stellar radii on the early pre-MS.
While these mechanisms are fundamentally different,
their impact on the structure at the base of the convection
zone will be analogous. Any increase in the stellar radius
moves the base of the convection zone outwards, reducing
the rate of Li depletion, and any decrease in the stellar ra-
dius has the opposite effect. We therefore believe that the
results of §3–4 hold in the presence of a radius dispersion,
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regardless of the underlying cause. Given recent efforts to
probe the radius–rotation connection in young stars, con-
straints may soon be placed on the connection between these
two properties during the pre-MS.
5.2 Testing the inflation paradigm
Jackson & Jeffries (2014) claimed that the average radius of
the Pleiades K dwarfs is inflated by ∼10 per cent, but they
did not attempt to characterise the distribution about this
average. If a radius dispersion was present in the Pleiades
at ∼10 Myr, as required by our theory, then a remnant of
the dispersion might still exist today. Detection of a radius
dispersion at 125 Myr would have important implications
not only for the evolution of Li, but for the structure of
stars on the pre-MS, the behaviour of saturated stars, and
the effects of spots and magnetic fields on stellar radii.
A viable avenue for testing whether a spread is present
in the Pleiades is through obtaining surface gravities for a
large number of cluster members. If rapidly rotating Pleiads
are physically larger than slowly rotating Pleiads, a disper-
sion in log g at fixed colour arises due to three compound-
ing effects. First, a radius increase of ∼10 per cent natu-
rally reduces the surface gravity (g ∝ M/R2) compared to
non-inflated stars at fixed colour. Second, the most inflated
stars are very rapidly rotating; rapid rotation reduces Teff
at fixed mass (Fig. 3), enhancing the effect at fixed tem-
perature. Third, since inflation also reduces Teff , the most
inflated stars at fixed colour are also the most massive. Sur-
face gravity decreases with increasing mass, because R is
proportional to M in the solar regime (g ∝ M/R2 ∝ M/M2
∝ 1/M), leading to an additional reduction in the log g of
the most inflated (most massive) stars at fixed colour.
For a 10 per cent dispersion in radius, our models
predict that the log g dispersion could be as large as 0.2
dex at fixed colour. This signal may be detectable through
granulation-induced light curve flicker (Bastien et al. 2013).
The characteristic time-scale of the formation and dissolu-
tion of convective cells on the surface of stars is proportional
to the surface gravity. This induces a correlation between
the power of short time-scale luminosity variations and the
strength of surface gravity, permitting the inference of stellar
log gs with an accuracy of 0.1–0.15 dex (e.g. Bastien et al.
2013, 2014). This signal can be extracted from high preci-
sion, long baseline, short cadence photometry, such as that
obtained by the Kepler satellite. Although its mission has
ended, Kepler’s descendant K2 will observe a field contain-
ing the Pleiades in early 2015 (Howell et al. 2014), and de-
spite the degraded photometric quality, may be able to de-
tect granulation flicker at the necessary level. This offers a
unique opportunity to detect and characterise the distribu-
tion of surface gravities, and search for a dispersion about
the inflated mean.
This test will open the door for using Li abundances to
understand differential pre-MS stellar structure, but much
work remains to be done in order to correctly interpret the
information. First, we must determine the mechanism driv-
ing the putative connection between rotation and inflation.
If magnetic fields are responsible, how do they impact stellar
structure in the saturated regime? If accretion is responsi-
ble, is the cold or hot scenario more appropriate, and how
do they impart the angular momentum distribution? If dif-
ferential radius inflation on the pre-MS is not responsible
for the observed Li dispersion, then how is it formed? Sec-
ond, we must understand the mass, rotation, and age de-
pendence of radius inflation on the MS. K2 will place con-
straints on this mechanism, since it will measure surface
gravities in a large number of clusters of different ages, and
track the evolution of anomalies along the MS. Third, the
systematic effects plaguing the precise determination of Li
abundances and effective temperatures in rapidly rotating K
dwarfs must be resolved. These include the shifting spectral
energy distributions driven by surface spots, the blending
of the Li absorption line with nearby lines due to rotation,
and the effects of active chromospheres on line formation
(see King et al. 2010, and references therein). Once accu-
rate Teffs and abundances can be determined, the true rate
of Li depletion for individual stars on the pre-MS can be de-
rived, and the magnitude of the Li dispersion at fixed mass,
and hence the degree of radius inflation on the pre-MS, will
be revealed. Finally, observations of the surface gravity dis-
tribution of the Pleiades can only provide circumstantial
evidence in favour of our theory. Detecting a dispersion in
radii correlated with rotation in a ∼10 Myr old cluster, or
detecting a correlation between rotation at Li abundance
at fixed temperature in a 10–20 Myr cluster, will serve as
the decisive test of an inflationary origin for the observed
Li–rotation correlation.
6 SUMMARY AND CONCLUSIONS
In this paper, we have explored the simultaneous impact of
rotation and radius inflation on the depletion of lithium from
stellar models during the pre-MS. Our goal is to describe
the generic features of a mechanism which would bring the
predictions of rotational mixing into concordance with the
well-known Li–rotation correlation in the K dwarfs of the
Pleiades. Such a mechanism must suppress Li destruction
in rapid rotators relative to slow rotators, thus overcoming
the trend predicted by rotational mixing calculations. As ra-
dius anomalies ∼10 per cent are sometimes found in rapidly
rotating stars, and a increased radius is known to inhibit
Li depletion in standard models, we are motivated to test
whether a correlation between rotation and radius inflation
on the pre-MS (induced by some physical process neglected
in standard stellar models) could be responsible for the ob-
served pattern.
We first reviewed the impact of rotation and inflation
on the evolution of Li abundances. In accordance with pre-
vious studies, we find that the depletion of Li is a strong
function of both properties, such that rotation increases the
rate of Li destruction, and radius inflation, modeled by a re-
duction of the mixing length parameter, decreases the rate
of Li destruction. While this behaviour is straight forward,
the picture becomes far more complicated when the two ef-
fects are combined. Rapid rotation and substantial radius
inflation (10 per cent) enhances Li depletion for stars with
M > M⊙, but inhibits Li depletion for stars with M < M⊙,
relative to non-rotating benchmarks. This is the first new re-
sult of our work, and implies that if the radii of just the rapid
rotators in the Pleiades were inflated by 10 per cent during
the pre-MS, while the radii of the slow rotators agreed with
standard predictions, then a positive correlation between the
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rate of rotation and the abundance of Li at 125 Myr could
arise in K dwarfs, in agreement with observations.
Next, we assessed whether this qualitative notion could
explain the observed relationship between Li and rotation
in the Pleiades. To do this, we generated synthetic cluster
distributions derived from the empirical Teff/rotation distri-
bution of the Pleiades which obey various inflation/rotation
prescriptions, and compared them to the empirical Pleiades
pattern. First, we found that three limiting cases, which
represent distinct classes of physical models, were unable
to reproduce the Pleiades pattern: no radius inflation in all
stars regardless of rotation, uniform radius inflation of 10
per cent in all stars regardless of rotation, and radius in-
flation uncorrelated with rotation. Next, we adopted a pre-
scription where rapidly rotating stars are more inflated than
slowly rotating stars, and found that observed pattern in
the Pleiades is generically produced. The dispersion in Li
remains small around the solar temperature and increases
to greater than an order-of-magnitude towards cooler tem-
peratures, precisely as is found in the Pleiades. Moreover,
the median abundance trend is accurately reproduced, and
rapidly rotating stars are found to be more rich in Li than
slowly rotating stars in the K dwarf regime. Furthermore,
we found that these qualitative features are insensitive to
the precise details of the rotation/inflation prescription we
adopt as long as more rapid rotation leads to greater in-
flation, demonstrating that fine tuning is not required to
achieve this level of agreement. This is the first consistent
physical explanation for the Pleiades Li pattern to date, so
we conclude that it is a strong candidate for explaining the
observed pattern.
After establishing that a connection between rotation
and inflation could explain the Pleiades pattern, we dis-
cussed what sort of physical mechanisms might lead to this
correlation. The inhibition of convection due to strong mag-
netic fields in rapid rotators could lead to such a correlation
if field strengths continue to grow with rotation in the sat-
urated regime. Accretion could also alter the radii and ro-
tational histories of proto-stars, plausibly inducing the ob-
served correlation. Finally, we suggest that the remnants
of a pre-MS radius dispersion may still be present in the
Pleiades, and a survey of stellar surfaces gravities in this
cluster could place strong constraints on the radius disper-
sion needed at 10 Myr to produce the observed pattern. The
ongoing K2 mission offers a valuable opportunity to perform
this experiment.
We would like to thank the anonymous referee, whose
suggestions improved this paper significantly. This work was
supported through the NSF grant AST-1411685.
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